During growth of Escherichia coli ML308 on pyruvate in a continuous culture (turbidostat) or batch culture, .flux of carbon into the cells exceeds the amphibolic capacity of the central pathways. This is balanced by diversion of carbon flux to acetate excretion which in turn diminishes the, efficiency of carbon conversion to biomass [g] dry wt (mol substrate)-']. However, restriction of carbon supply in a chemostat diminishes flux to acetate excretion and at a dilution rate ( D = p) of 0.35 h-l or less, no flux to acetate excretion was sustained thus permitting perfect balance between carbon input on the one hand, and the output to biosynthesis and energy generation on the other. This, in turn, improves the efficiency of carbon conversion to biomass. Inclusion of 3-bromopyruvate (an inhibitor of pyruvate dehydrogenase) at a concentration which diminishes growth rate (p) to 0.35 h-l or less also prevented flux to acetate excretion. Furthermore, in a family of fluoroacetate-resistant strains, excessive flux of pyruvate was balanced by diversion of carbon flux to lactate excretion rather than acetate and a higher growth rate (p = 0.63 h-l) was sustained.
INTRODUCTION
Growth of a micro-organism requires the biosynthesis of a specific range of monomers (Morowitz, 1968) most of which are assembled into polymers (Dawes & Large, 1982; Neidhardt et al., 1987) which form the bulk of the new biomass (Holms, 1987) . Aerobically, Escherichia coli can grow on a wide range of compounds as sole source of carbon (Holms, 1986) . Each different carbon source is taken into the cell and fed into the central metabolic pathways which contain the enzymes required to interconvert some 30 intermediates, rather more than half of which are phosphorylated ; the remainder are carboxylic acids. Some of these intermediates (eight or nine) serve as precursors for the biosynthesis of a wide range of monomers which, in turn, are the raw material for the biosynthesis of polymers (Neidhardt et al., 1987) . Many of the uptake and anabolic processes require the input of energy in various forms (NADPH, ATP, PEP, acetylCoA, transmembrane proton gradient etc.) and under aerobic conditions these are generated by the flow of carbon and its oxidation through the central pathways. The high-energy forms thus generated are converted to their low-energy forms by the anabolic routes and recycled to the central pathways. It follows that the outputs of the central pathways are water, C 0 2 , energy and biosynthetic precursors. The inputs are carbon source, oxygen and some inorganic ions. Under carbon limitation (in a chemostat), the flux of carbon into the cell (input) matches fluxes to outputs for biosynthesis and energy generation. However, when carbon flux exceeds the metabolic capacity of the central pathways, the system is balanced in one of three ways.
1. Intermediates in excess of requirements can be converted to storage polymers, e.g. glycogen (Dawes & Senior, 1973; Dietzler et al., 1979) . Fig. 1 . Convergence of various metabolic routes on pyruvate on the route to acetate excretion in E. coli. Enzymes are as follows: 1, g1utamate:pyruvate transaminase; 2, PEP synthase; 3, pyruvate dehydrogenase; 4, acetolactate synthetase; 5, lactate dehydrogenase ; 6, citrate synthase; 7, phosphotransacetylase; 8, acetate kinase.
2. The mechanism which couples oxidation of intermediates to energy generation may 'slip' so that excess carbon is dissipated as C 0 2 and excess energy is liberated as heat (Neijssel & Tempest, 1979; Stouthamer, 1979; Roels, 1980; Tempest & Neijssel, 1984) .
3. The surplus capacity of the central pathways can be dissipated by excretion of low molecular mass compounds into the extracellular water space (Demain, 1972; Meyer et al., 1984; Holms, 1986) .
Whichever mechanism is employed, the end result is the same -the fluxes through the central pathways to provision of precursors and energy are balanced to the fluxes of these components for growth. This paper defines an example of the third mechanism in which flux of carbon into the central pathways exceeds the requirements for growth and is balanced by the excretion of acetate. Among the compounds tested in this study, pyruvate sustains the largest flux to acetate excretion and is central to the problem of acetate excretion as, irrespective of the nature of the primary carbon source, all carbon diverted to acetate is derived from it as illustrated in Fig. 1 . The purpose of the work reported here was to define this system and devise means by which the wasteful flux of pyruvate feedstock could be prevented.
METHODS

Chemicals and enzymes.
Fluoroacetic acid, sodium salt, was obtained from Aldrich. All other chemicals were as previously described (Clark & Holms, 1976; El-Mansi et al., 1986) , or were of AnalaR grade. With the exception of the acetate-assay enzymes, i.e. acetyl-CoA synthetase, citrate synthase and malate dehydrogenase, which were obtained from Boehringer, all enzymes were from Sigma.
Bacterial strains. Escherichia coli ATCC 15224 (ML308) and its fluoroacetate-resistant derivative were used. The parent strain, apart from being constitutive for the lac operon (i-z+y+a+), was considered to be a wild-type. Inocula were grown on the relevant substrate for 18 generations as previously described by Holms & Bennett (1971) . Fluoroacetate-resistant strains were selected for their ability to grow on pyruvate (25 mM) agar minimal medium containing fluoroacetate (10 mM) as previously described by Brown et al. (1977) .
Growth conditions. (a) Batch culture. The parent as well as its fluoroacetate-resistant derivative were grown in batch cultures (800 ml) aerobically at 37 "C (Harvey et al., 1968) in a simple defined medium (Hamilton & Holms, 1970) supplemented with the appropriate carbon source.
(b) Continuous culture. Media and growth conditions were as previously described by Clark & Holms (1976) . While the 2 litre bioreactor fermenter from Life Science Laboratories was used for most of the experiments, an apparatus (Clark & Holms, 1976 ) based on the design of Baker (1968) , was also used in the early part of this work. Growth at a maximum specific growth rate ( p , , , ) was achieved by manually regulating the flow rate, frequently measuring optical density and adjusting the dilution rate so that a constant bacterial density was maintained. Under these conditions excess primary carbon source was always present in the effluent (Fig. 4) . Carbon limitation however, was created by gradually decreasing the dilution rate and allowing the chemostat to reach a steady state prior to sampling. Bacterial growth was followed by measuring the optical density at 420 nm in a single-beam flow-cell Pye Unicam SP30 spectrophotometer. An optical density of 1.0 corresponds to 196 pg dry wt cells ml-I.
Detection and measurements of the primary carbon source and the excreted acetate. Concentration of the primary carbon source and acetate were determined in the culture filtrate (0.22 pm Millipore filter) either enzymically as previously described (Bucher et al., 1963; Bergmeyer & Mollering, 1974) or using HPLC analysis by reference to standards, the concentrations of which were first established enzymically.
HPLC. This was done at room temperature on Aminex HPX-87H organic acid columns (Bio-Rad). Samples (25-100 pl) were applied to the column and eluted using 25 mM-H2So4 at a flow rate of 1 ml min-' and monitored at 215 nm. The identities of the eluted peaks were verified using authentic materials.
RESULTS
Excretion of metabolites during growth in batch cultures
During growth of E. coli ML308 on pyruvate, a large fraction of the primary carbon source is excreted in the form of acetate (Fig. 2b) . Once pyruvate is exhausted the organism utilizes the excreted acetate to support a second phase of growth ( Fig. 2a) , which in comparison with the first phase is both poor and slow. Adaptation to acetate following the exhaustion of pyruvate was concomitant with a threefold inactivation of isocitrate dehydrogenase (EC 1.1.1.42) and the derepression of the glyoxylate bypass enzyme isocitrate lyase (EC 4.1 .3. l ) , which is consistent with other reports from this laboratory (Bennett & Holms, 1975; El-Mansi et al., 1986) . In the first phase, lactate was excreted [032 f 0.08 mmol (g dry wt)-l; n = 41, but this was quantitatively insignificant when compared with acetate excretion [24 f 0.75 mmol (g dry wt)-' ; n = 41. No lactate was detected in the second phase of growth.
Efect of 3-bromopyruvate on acetate excretion During growth in batch culture (p = 0.72 f 0.09 h-l; n = 8), partition of carbon flux at the junction of pyruvate (Fig. 1 ) is resolved in favour of pyruvate dehydrogenase (PDH; EC 1 . 2 . 4 . 1 ) as evidenced by the excretion of acetate. It follows that restriction of carbon flux through PDH is one way to bring about the diminution of flux to acetate excretion. Among those compounds which act as active-site-directed inhibitors of PDH, 3-bromopyruvate is the most effective and its mode of action is well-documented (Bisswagner, 1981 ; Lowe & Perham, 1984) . During growth on pyruvate (7.5 mM) bromopyruvate (50 p~) prevented flux to acetate excretion (but not lactate) and improved the efficiency of carbon conversion to biomass from 18.9 to 23.3 g dry wt (mol substrate)-' (some 23%) but this was at the expense of growth rate ( p = 0.30 0.08 h-' ; n = 3) (Fig. 2a) . Growth conditions and measurements of acetate and pyruvate were as described in the legend to Fig. 2 . Lactate was identified by HPLC and quantified enzymically using lactate dehydrogenase.
to convert acetate to acetyl-CoA by acetate kinase (ATP :acetate phosphotransferase; EC 2.7.2.1) and phosphotransacetylase (acetyl-CoA : orthophosphate acetyltransferase ; EC 2.3.1 .8). Fluoroacetate-resistant mutants of the organism under investigation appeared at a frequency of 9.13-9.68 x lo-'. The three selected for further study all gave similar results and did not excrete acetate (Fig. 3) . The growth rate ( p = 0.63 h-l) was less than the parent ( p = 0.72 h-') but pyruvate uptake was still excessive and carbon flow was balanced by the excretion of lactate [557 & 0-34 mmol (g dry wt)-' ; n = 31 which was co-utilized with pyruvate when the concentration of the latter in the medium fell below about 1 . 2 m~. Rather unexpectedly, acetate added after exhaustion of pyruvate sustained growth, albeit rather slowly ( p = 0.21 h-I).
Excretion of acetate during growth in continuous cultures (a) Flux to acetate excretion during growth in a turbidostat. In agreement with the results obtained from batch culture experiments, some 28% of the total carbon was excreted as acetate during growth in a turbidostat ( p = 0.729 + 0.02 h-' ; n = 3). Under these circumstances, it was also established that flux to acetate excretion was proportional to biomass and carbon supply (Fig. 4). (b) Flux to acetate excretion during growth in a chemostat. Restriction of carbon supply in a chemostat diminished flux to acetate excretion (Fig. 5) . At a dilution rate of 0.35 h-l or less no flux to acetate excretion was sustained thus permitting perfect balance between carbon input on one hand and the output to biosynthesis and energy generation on the other. This, in turn, is reflected in the efficiency of carbon conversion to biomass.
DISCUSSION
When E. coli ML308 grows on pyruvate the uptake of carbon source exceeds the capacity of the organism to generate biomass and the system is balanced by excretion of acetate (Fig. 6) . This strategy is advantageous to the organism as flux of acetyl-CoA through phosphotransacetylase allows the pool of free reduced CoA to be regenerated. Moreover, flux through acetate kinase yields 1 mol of ATP for each mol of acetate excreted (Rose et In continuous culture, turbidostats (Fig. 4) give essentially the same results as batch cultures (Fig. 2) . When the rate of pyruvate uptake is restricted in chemostats, to less than about 17 mmol (g dry wt)-l h-l ( p = 0.35 h-l) no acetate is excreted (Fig. 7) . Pyruvate provides direct entry to the central pathways (Figs 1 and 6 ) and sustains a relatively high growth rate ( p = 0.72 h-l), which in turn is a reflection of a rapid turnover of metabolic intermediates to satisfy biosynthesis. In all the different types of culture used in this work, the input of pyruvate and the output of biomass and excreted carbon compounds was measured. The monomeric composition of the biomass (Morowitz, 1968) was used to derive the outputs of precursors required to generate that biomass and to relate, in quantitative terms, the flow of carbon from input to outputs in terms of throughputs (all three being expressed in mmol required to generate 1 g dry wt of new biomass). These throughputs can then be converted to true fluxes [mmol (g dry wt)-l h-l] if the growth rate ( p in terms of h-l) is also measured. Both throughputs and fluxes are then an exact description of Table 1 . Eflect of growth rate (p) on the partition of carbon fluxes (%) at the junctions of pyruvate and acetyl-CoA during growth of E. coli ML308 on pyruvate in continuous cultures Fluxes [mmol (g dry wt)-' h-'1 of pyruvate were taken as 100% and the relative fluxes to acetyl-CoA, PEP and biosynthesis were calculated. The relative distribution of the acetyl-CoA generated among the routes for biosynthesis, energy generation (CO,) and acetate excretion was also determined. The data shown below for the turbidostat and the chemostats were derived from their corresponding flux diagrams, each of which was based on the mean of at least four independent values.
P yruvate
Acetyl-CoA Chemostat the metabolic events occurring in the central metabolic pathways and the only assumption on which they depend is that the metabolic routes assumed to be used actually function in the biomass (Holms, 1986) . The junctions at pyruvate and acetyl-CoA are the most significant for adjustment of throughput relative to the outputs of precursors and excreted products. The relative distribution of fluxes in continuous cultures at these junctions is given in Table 1 . As the input of pyruvate is diminished the fluxes from pyruvate to biosynthesis (both directly and via PEP synthase) are enhanced. Similarly flux of carbon from acetyl-CoA to biosynthesis and aerobic energy generation (i.e. C 0 2 production in the Krebs cycle) is enhanced while flux to acetate excretion is diminished. A good index of these relative changes is a comparison of the fluxes through PEP synthase, which is exclusively dedicated to provision of precursors for biosynthesis, and PDH, which sustains fluxes to biosynthesis (acetyl-CoA), excretion (acetate) and energy generation, by C 0 2 production and oxidative phosphorylation (both by itself and subsequently in the Krebs cycle). The ratio of fluxes of PEP synthase to PDH increases as acetate excretion is diminished relative to pyruvate uptake in continuous and various batch cultures (Fig. 7) . When pyruvate input is balanced to biosynthesis and acetate excretion is eliminated the relative fluxes through PEP synthase and PDH remain constant even when pyruvate input is further restricted (Fig. 7) . It follows that excessive pyruvate input is dissipated primarily by flux through PDH en route to acetate excretion. Inclusion of 3-bromopyruvate prevents flux to acetate excretion (Fig. 2b) by virtue of its ability to diminish flux to acetyl-CoA both directly, by diminishing flux through PDH (Lowe & Perham, 1984) and indirectly, by diminishing flux of pyruvate into the cell (Lang et al., 1987) . The ability of bromopyruvate to restrict the uptake of pyruvate explains the absence of lactate excretion under these circumstances.
Assimilation of fluoroacetate gives rise to fluoroacetyl-CoA which in turn is converted, by condensation with oxaloacetate, to fluorocitrate. Fluorocitrate is a potent inhibitor of the Krebs cycle enzyme aconitase (EC 4.2.1.3) (Mager et al., 1955; Marcus & Elliott, 1959) . It follows that mutants resistant to fluoroacetate must be deficient in one or both of the enzymes involved in the conversion of fluoroacetate to fluoroacetyl-CoA, namely acetate kinase and phosphotransacetylase. The activities of these enzymes are reversible and are therefore used for acetate excretion. It is hardly surprising, therefore, that such mutants are impaired in their ability to excrete acetate (Fig. 3 b) . However, under these circumstances excessive flux of pyruvate to the central pathways is balanced by diversion of carbon flux to lactate excretion (Fig. 3b) . This strategy is forced upon the mutant because it cannot convert acetyl-CoA to acetate for excretion. However, pyruvate-grown cultures of such mutants can still metabolize acetate via the activity of acetyl-CoA synthetase (acetate : CoA ligase, AMP forming; EC 6.2.1 . 1) (Overath et al., 1969) , an irreversible enzyme that cannot therefore be used for acetate excretion. The possibility that another enzyme is involved under these circumstances for the activation of acetate to acetylCoA cannot be ruled out.
CONCLUSIONS
Precursors for biosynthesis are removed from the central metabolic pathways at rates related to the rate of generation of new biomass ( p ) . The rate of pyruvate uptake exceeds these requirements and the surplus carbon is removed from the central metabolic pathways and excreted as acetate. As long as the mechanism for acetate excretion is available (phosphotransacetylase and acetate kinase) the only way in which acetate excretion can be avoided is to diminish the rate of flux of pyruvate into the cell. This can be achieved by inhibition of pyruvate uptake and its conversion to acetyl-CoA by 3-bromopyruvate or by restricting the rate of pyruvate supply in a chemostat. In both cases, however different in nature, flux to acetate excretion is diminished thus permitting a more efficient use of acetyl-CoA for energy generation. Flux to acetate excretion was totally prevented when the growth rate ( p ) was reduced to 0.35 h-l or less. Fluoroacetate-resistant mutants, impaired in their ability to excrete acetate, dissipate excessive flux of pyruvate by the excretion of lactate.
When flux of carbon source into the central pathways exactly matches the biosynthetic demands there is no flux to acetate excretion, e.g. during growth on glycerol (Holms, 1986) . It seems probable, therefore, that metabolites of the central pathways are excreted when flux of carbon into the cell exceeds the demands for biosynthesis and energy generation. Furthermore, flux to acetate excretion is not a consequence of oxygen deficiency, but rather the saturation of the electron transport chain.
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